This paper describes the development of an integrated design approach for determining shear capacity of flexurally reinforced steel fibre reinforced concrete members. The approach considers fibre distribution profile, fibre pull-out resistance and the modified compression field theory integrated using a comprehensive strategy. To assess the performance of the developed model, a database consisting of 122 steel fibre reinforced and prestressed concrete beams failing in shear was assembled from available literature. The model predictions were shown to correlate well with the test data. The performance of the analytical model was also compared to predictions attained by the two approaches recommended by the fib Model Code 2010, one based on an empirical equation and the other on the modified compression field theory approach. The predictive performance of the proposed approach was also assessed by using the Demerit Points Classification (DPC), being the prediction as better as lower is the total penalty points provided by the classification. The model developed in this paper demonstrated a superior performance to those of the Model Code, with a higher predictive performance in terms of safety and reliability.
Introduction
The first fibre reinforced beams tested for shear were those of Batson et al. [1] . They investigated a range of fibre types and geometries, as well as span-to-depth ratios. Since this time, numerous studies have demonstrated that the presence of steel fibres increases the shear strength of concrete beams . Even though the costs steel fibres may exceed substantially that of relatively cheap steel ligatures for the carrying of shear stress resultants, there is potential for significant savings in site labour costs. Whether or not fibres can replace conventional transverse steel bar reinforcement in reinforced concrete beams is a matter that needs to be addressed through analysis of experimental data and in models development.
For determining the reliability of various competing design models, a database of reliable experimental tests must first be established. One of early documented studies with an extensive data collection is that of Adebar et al. [26] . Their study identified 413 SFRC beams reported in the literature as being tested in shear, although many of the tests were limited by their flexural strength. Recent articles have been dedicated to prepare substantive test databases in this subject [27] [28] [29] [30] .
It is well recognized that the post-cracking tensile, or pull-out, response of fibre reinforcement embedded in cement based materials is the distinguishing characteristic defining performance in terms of serviceability (including stiffness), durability and strength of fibre-reinforced structural elements. This is represented by the stress-crack width relationship, -w. In structures governed by shear, fibre reinforcement increases the stiffness and strength of the shear stress transfer across cracks [31] ; however, a methodology to capture the contribution of fibre reinforcement to shear strength enhancement is challenging.
Despite the high potential, a consensual modelling approach does not yet exist for predicting shear strength of fibre reinforced concrete (FRC) beams at high accuracy, where flexure is resisted primarily by bar reinforcement or tendons. While the models developed in this study are generic in their nature, and apply across the breadth of fibres produced of different materials, 3 experimental testing to date of reinforced concrete FRC beams has almost exclusively been undertaken using steel fibres; these are herein termed R/SFRC beams.
Two approaches for the determination of the shear strength of R/SFRC are described in the fib Model Code 2010 [31] ; the first has its basis in a Eurocode 2 empirical design strategy [6] , the second using a philosophy founded from the modified compression field theory (MCFT) [27] .
In this paper a physical-mechanical model is developed for assessing the strength of R/SFRC beams failing in shear. The approach integrates fibre orientation profile along the critical diagonal crack (CDC), the relevant pull-out mechanisms of steel fibres and the fundamental concepts of the MCFT. The models are compared to test data of 122 beams collected from the literature, and the results are reported herein.
MC2010 Approaches for Shear Strength of R/SFRC Beams

Introduction
The fib Model Code 2010 [31] outlines two approaches for determining the shear capacity of R/SFRC beams. The first is based on a modification to the Eurocode model and the second is founded on the MCFT. The backgrounds of these two models are described briefly in this section.
Approach based on the concept of residual flexural strength for FRC
This approach, denoted in this paper as MC2010-EEN, is based on the empirical equation developed in [6] . By this approach, the shear resistance is obtained from [32] :
where 
The characteristic post-cracking residual tensile strength (f Ftuk ) of the SFRC for shear is determined at a crack opening displacement (COD) of w u = 1.5 mm, and is given by:
  
Approach based on the modified compression field theory (MCFT)
The second approach proposed in the MC2010 for the determination of the shear capacity of R/SFRC beams was developed from the MCFT [27] , and is herein denoted as MC2010_MCFT.
By this approach the shear capacity of an R/SFRC beam is calculated from Eq. (1) with:
where k f = 0.8 is factor to account for fibre dispersion, f Ftuk is the post-cracking residual tensile strength obtained from a direct tensile test, and k v is a size effect parameter.
The size/strain effect parameter is related to the longitudinal strain determined at the mid-depth of the section ( x ) and to the size of the largest aggregate particles (d g ) by:
6 reinforced beams, with passive (subscript "l") and prestressed (subscript "p")reinforcements, the effective shear depth, z, is evaluated from:
In Eqs. (6) to (8) 
Based on an inverse analysis carried out by Amin et al. [35] by using experimental results from bending tests, the following equation was derived for the evaluation of the post-cracking residual tensile strength for a given COD, w:
which has since been validated for use with the MC2010_MCFT model [29] . For the MCFT approach, web crushing (V Rd,max ) is determined by Eq. (6) with:
Integrated Shear Model for Design of SFC Beams
Introduction
In this section a new model is developed for the evaluation of the shear capacity of R/SFRC beams. While the model is proposed only for SFRC members, as testing has almost exclusively been undertaken with steel fibres, it is prepared for being extended to the general case of R/FRC beams.
The tensile strength provided by the fibre pull-out resistance is determined for a crack width w u . As for the MC010_MCFT approach, the concrete and fibre reinforcement contribution for the shear capacity of an R/SFRC beam is determined from:
where: 
where , and (iii) evaluation of crack width at mid depth of the CDC, at shear failure conditions, w u , by using the MCFT [43] . The integration of these three parts is described in the following sections.
Fibre orientation profile
The contribution of fibre reinforcement crossing the CDC can be determined by:
where n   is the number of intervals in the fibre orientation range (Fig. 3) , where i  is the angle between the direction of the fibres representative of the i th fibre orientation interval and the orthogonal to the crack plane (Fig. 3b-f ). 
where
 is the resisting pull-out force for the crack opening of w u for a fibre at an inclination  i , described in the following section, and 
where A f , V f and  are the cross sectional area of a fibre, the fibre volume percentage, and the fibre orientation factor, respectively. In Eq. (22b) A sec is the area of CDC (Fig. 3a) :
where  is the inclination of the CDC.
In Fig. 3c to 3f the "equivalent" fibre crossing the CDC represents the total number of fibres bridging the CDC for the corresponding range orientation. As will be explained later, the part of the fibres bridging the two faces of the shear failure crack is almost aligned with the shear force applied to the beam.
In Eq. (22a),   i C  is the ratio of number of fibres crossing the CDC that lie in the range
to the total number of fibres crossing the crack, which evaluation approach is described in detail elsewhere [40] , therefore in the present work only the relevant concepts and equations are presented, namely:
For the evaluation of the fibre orientation factor, , an enhanced strategy of the approach proposed by Krenchel [44] is adopted in order to take into account the fibre orientation during the cracking process up to shear failure stage, as well as the wall effect due to the element boundaries on fibre orientation. In consequence, the ,   i C  and Step 1: Assuming the wall effect is limited to a distance l f /2 of the boundaries, the cross section is decomposed in three zones (Fig. 4) . In zone 1 fibres can freely rotate in any direction and a 3D fibre orientation is assumed; in zone 2 a 2D fibre orientation is considered; and in zone 3, with two boundaries. The fibre orientation factor for this type of cross section is determined by:
sin sin Step 3: Evaluate the average orientation angle,  m , and the corresponding standard deviation, ( m ) (see Fig. 5 ), according to the approach of [40] :
Step 4 
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Since the ISM was implemented in Excel VBA, the   i f  was evaluated by using the NORM.DIST function that returns the normal distribution for the specified average ( m ) and standard deviation (( m )) values.
Step 5 Step 6: Estimate the fibre orientation factor at shear failure conditions (fibres are aligned vertically, see Figure 6 ):
Step 7 Step 8: Re-evaluate  according to Eq. (26) , but now updating the ,i   (i=1,2,3) proposed by [44] in order to simulate the fibre orientation according to the two previous scenarios:
A maximum limiting value of 0.85 is adopted for the ,i 
Fibre pullout constitutive law
The evaluation of the pull-out force [41, 42] , while for the evaluation of crack width at shear failure (w u ) at the mid-depth (z/2), the MCFT is used, as described in the following section.
According to [45] , a fibre at For a pull-out failure mechanism, when a crack opens, on one side the fibre remains embedded in the matrix and on the other it slips. The average bonded length of fibre crossing the failure plane (L bf,o ), on the short embedment side, is l f /4.
From the geometry described in Fig. 6: ,, for 0 
with (Fig. 6) :
The fibre embedment length , cru i L is a critical length beyond which the force in the fibre, due to bond, is such at the fibre fractures, rather than slips, and is given by [45] :
In this equation  bu,i is the average fibre bond strength and includes the relevant fibre reinforcement mechanisms (e.g. hooked ends, if provided) and the snubbing effect [46] [47] [48] [49] , and fu  is the effective tensile strength of the fibre:
where fu  is the uniaxial tensile strength of the fibre.
From test results on hooked end and straight steel fibres by [45] [46] [47] [48] [49] , Ng et al. [42] proposed:
where f cm is the average value of the concrete compressive strength, f = 4.5 MPa is the maximum frictional resistance of the fibre due to the snubbing effect, and k b is given in Table 1 . 
Coupling the modified compression field theory with the FOP and FPCL
To evaluate the crack opening at the half of the effective shear depth (z/2) at shear failure stage, w u , (a value normal to the CDC plane), the MCFT is used. The MCFT is based on the following iterative procedure:
1) Assume an initial value for  x (denoted as  x,i ).
2) Calculate k v by Eq. (9), with: 
The maximum limit of 75 is according to the recommendation from [43] . To demonstrate the procedure, the developed ISM is applied to the NSC3-FRC1 rectangular cross shape beam tested by Minelli et al. [6] , which presents the following characteristics:
i) Beam's geometry: The main ISM outputs for the NSC3-FRC1 beam are plotted in Fig. 7 and included in Table 2 . has not changed significantly on the fibre orientation profile (Fig. 7e ).
Model Assessment and Validation
To evaluate performance of the model the database developed for Foster et al. [29] . The test specimens used in this paper to test the design models are presented in Table 3 . Table 4 shows the intervals of values (minimum and maximum) of the database for the model parameters, demonstrating to cover a large spectrum of R/SFRC beams possible to find in real applications. In the analysis undertaken nine equal intervals of 10 were used ( n   = 9).
The results of the analysis of the ISM applied to the database are shown in The values of λ were also evaluated according to an adapted version of the Demerit Points Classification (DPC) proposed by Collins [50] , where a penalty (PEN) is assigned to each range of λ parameter according to Table 5 , and the total of penalties determines the performance of the proposal. The results are presented in Table 6 , where it is observed that the ISM registered a total penalty of 53 points, compared to 89 and 86 points for MC2010_EEN and MC2010_MCFT models, respectively.
Conclusions
In this work an innovative approach, herein denoted by "Integrated Shear Model -ISM", was 
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List of Tables   Table 1: Values of k b (adapted from Ng et al. [41] ). 
